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Abstract
In bridge construction, the use of stiffened plates for box-girder or steel beams is common day to day practice. The advantages of the stiffening from the economical and mechanical points of view are unanimously recognized. For curved steel panels, however, applications are more recent and the literature on their mechanical behaviour including the influence of stiffeners is therefore limited. Their design with actual finite element software is possible but significantly time-consuming and this reduces the number of parameters which can be investigated to optimise each panel. The present paper is thus dedicated to the development of a preliminary design formula for the determination of the ultimate strength of stiffened cylindrical steel panels. This approximate formula is developed with help of a design of experiment method which has been adapted from the current statistical knowledge. This method is first presented and its feasibility as well as its efficiency are illustrated through an
The interest of stiffening steel plates or panels to increase their strength 2 under compression has been known for almost a century [1] . In the field 3 of structural engineering, the use of such panels is a common practice, for The verification of these panels is yet difficult due to a lack of specifications, From an academic point of view, the articles related to the buckling theory 19 of curved panels are not so numerous due to the complexity of the studied 20 problem and also due to its late application in the bridge construction. 
103
•
Step 2: Choice of the model for the response surface.
104
Step 3: Selection of the input data points.
105
Step 4: Evaluation of the approximated model.
106
Step 5: Validation of the accuracy of the response model.
107
Step 6: Selection of most significant terms and conclusion. identified thanks to the least square method which will be used here for its 163 simplicity and reliability. kind of stability verification and will be used as a reference case to validate 171 the accuracy and relevance of the methodology proposed in previous section.
172
The strength of the panel χ was hence given as a function of the relative 173 slenderness λ and three parameters λ 0 , β, α Z depending on the relative 174 curvature:
176
These simulations, as well as those which will be conducted here, involved 177 non-linear material and second-order analyses with imperfection (GMNIA). edge was also added. The study was limited to square panels, so that only 186 the thickness, the width and curvature of the panels were varied. • the steel grade is S355 as generally used in modern bridges;
202
• the panels are simply supported on all edges;
203
• the longitudinal compression is uniform along the curved edges.
204
The only varying input factors are thus the dimensions of the panels:
205 their length a, width b, thickness t p and radius of curvature R (see Fig. 4 ). depends on three independent dimensionless parameters: Now that the parameters have been defined, it is essential to define the 211 range in which these parameters will vary. Every feasible configuration has 212 to be included but the range of variation has to be kept as small as possible:
213 it is directly linked with the precision of the approximated expression found 214 at the end of the process. Here the ranges given in table 1 seem reasonable   215 to cover most applications of such panels in bridge engineering. 
216
As the order of magnitude of the variations of these three parameters is 217 different, it is preferable to transform the physical parameters into centred 218 variables X i , ranging from -1 (low value) to 1 (high value). Their comparative 219 influence on the response will hence be easier to catch. The three adimen-220 sional parameters X 1 , X 2 and X 3 used in the coming paragraphs are thus 221 given in the last column of table 1. 
3.2.
Step 2: Choice of the response surface
223
The choice of the response surface is based on two issues: the knowledge 224 of the physics of the problem and the desired accuracy of the approximation.
225
Here 
In (3), the slenderness λ is directly related to a/b and t/b (which means 231 to X 1 and X 2 ) by:
where
It can thus be concluded that a second order polynomial should provide 234 a good approximation of the strength of a curved plate and that it will be 235 meaningful from a physical point of view. The response surface will thus be 236 investigated in the following form:
where Y is the approximated response, X i are the three input variables and 238 β (.) are the ten unknown parameters. 
3.4.
Step 4: Parameters evaluation
265
The approximated response surface is here looked for in the form of a can be approximated by the following expression:
3.5. 
3.6.
Step 6: Selection of most significant terms and conclusion.
287
The second-order formula presented in Eq. 7 for the evaluation of the given by:
where Z is the curvature parameter defined by Z = b 2 /Rt p . Eq. 9 is very 
Finite element modelling

341
The stiffened panels are modelled and analysed using the commercial to their participation in the overall behaviour of the structure (Fig. 8) . In The panels are all made of steel which is assumed to be elasto-plastic 
The approximated model is searched in the form of a second order poly- and normally distributed. Like previously, the selection of significant coeffi-384 cients is made based on the t-test (the limit value being given for 109 tests 385 and the bilateral 5%-95% fractile). Then all remaining coefficients (here 18 386 coefficients) are re-evaluated using the least square method a second time.
387
The resulting approximated model (in MN) is thus the following:
The coefficient of determination R 2 = 0.986 (close to 1) indicates that 389 the value predicted by the model fits very well the data (see Fig. 10 ). Also, 
432
Anyway, it must be recalled that even in these extreme cases, the error in 433 the prediction of the strength is not larger than in other cases (cf. Fig. 10 ) and can be defined as follow:
where ρ is the steel density, V is the total volume of the curved panel, k m and 445 k f are characteristic coefficients of material and fabrication costs. T i denotes 446 manufacturing times:
447
• T 1 : time for preparing, cutting and assembling the pieces:
with Θ d a factor characterising the impediment for welding and κ the 449 number of elementary pieces to be welded;
450
• T 2 : time for welding and T 3 : additional time for maintenance of the 451 machine which might be considered as 0.3T 2 , so that:
where L wi is the length of the i th weld, a wi = max(0.4t s , 4mm) its width 453 and C i a coefficient depending on the welding technique which is here 454 taken equal to 0.2349 for Shielded Metal Arc Welding.
455
The constraint equation is then given by the stability requirement of the 456 panel:
where N app is the applied load, N ult the capacity of the panel estimated by
458
Eq. (10) and γ M 1 is a safety factor.
459
The panel which is proposed here for optimisation has fixed overall di- (where n is the total number of stiffeners). 
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